In cylindrical grinding, the size accuracy of a workpiece decreases due to the thermal deformation of the ground workpiece. To improve the size accuracy, it is necessary to consider the thermal deformation of the workpiece during grinding process. In this study, we have developed an intelligent grinding system that can consider the thermal deformation of the workpiece. In this system, the thermal deformation of the workpiece during grinding process is simulated by measuring tangential grinding force. The net stock removal, that is the stock removal measured after the workpiece has been cooled, is estimated by adding the measured stock removal and the simulated thermal deformation of the workpiece. To achieve the grinding process with high accuracy, the grinding wheel is retracted when the net stock removal is reached to the grinding allowance. Using this intelligent grinding system, grinding experiments were carried out. In these experiments, the size error was reduced less than 0.3m in radius even though the thermal deformation was more than 2m in radius. With grinding experiments, it was confirmed that the developed grinding system could improve the size accuracy successfully.
Introduction
During the grinding process, most of the grinding heat generated at the grinding point is transported to the ground workpiece (Tönshoff et al.,2007 , Malkin et al.,2007 . Many researches have previously reported about the effect of the grinding heat on the grinding mechanism (Ueda et al.,1989, Kimura and Inasaki,1991) . The effect of the thermal deformation on the size accuracy was also reported in case of the surface grinding (Okuyama et al.,1988) and the internal grinding (Nakajima et al.,1995) . However, the size error caused by the grinding heat during cylindrical grinding have been not reported.
In cylindrical grinding, the automatic sizing device (Miyamoto, 1954) is widely used to obtain the grinding allowance (i.e. the predetermined value of stock removal) of the ground workpiece. The sizing gauge measures the change in radius of the ground workpiece during grinding process as shown in Fig. 1 . Before grinding, the pointer of the automatic sizing device is adjusted to the grinding allowance. During grinding process, the decrease in the diameter of the ground workpiece is measured and the pointer comes close to the zero point. When the measured stock removal is reached to the grinding allowance, the automatic sizing device emits the control signal to retract the grinding wheel automatically. Even with this control, the size error still remains, because the workpiece expands due to the thermal deformation caused by grinding heat. After all the stock removal increases because of the heat shrinkage of the workpiece as shown in Fig. 1(d) .
To avoid the effect of thermal deformation on the size accuracy of the ground workpiece, it is necessary to consider the thermal deformation of the workpiece during grinding process (Yamamoto and Tsukamoto, 2009) . In previous study (Onishi et al.,2013 , Onishi et al.,2015 , we had developed an intelligent grinding system that can improve the size accuracy by considering the thermal deformation during grinding process. In this system, the net stock removal SRn was calculated during grinding. The net stock removal SRn is defined as the predicted stock removal after the workpiece is cooled. As shown in Fig. 2 , that is the conventional grinding system, the net stock removal SRn is calculated by adding the measured stock removal SRn and thermal deformation of the workpiece dW. In this system, the predicted net stock removal is shown on a monitor screen. The grinding machine is controlled under the predicted result from the grinding system. The grinding wheel is retracted at the moment when the net stock removal SRn is reached to the grinding allowance. As shown in Fig. 2 , thermal deformation of the workpiece is estimated from the measured thermal deformation of the not ground part close to the ground part. Before using this system, it is necessary to measure the thermal deformation ratio between the ground part and the not ground part by rapid wheel retraction method (Nakajima et al.,2000) . Therefore, the shape of the ground workpiece is limited to apply this conventional system. In this study, we have developed an advanced grinding system that can predict the net stock removal of the workpiece without he not ground part. Automatic sizing device Fig. 1 Before grinding, the pointer of the automatic sizing device is adjusted to the grinding allowance as shown in (a). During grinding process, the change in diameter of the ground workpiece is measured by sizing gauge connected to the automatic sizing device. The pointer comes close to the zero point during grinding process as shown in (b). When the measured stock removal of the workpiece reaches to the grinding allowance, the control signal to retract the wheel is emitted to the control board of a grinding machine as shown in (c). After grinding, the workpiece shrinks because the grinding heat is radiated away. This shrinkage of the workpiece causes the size error as shown in (d). Size error caused by the thermal deformation 0 50 100 Onishi, Sakakura, Okanoue, Fujiwara, Fujiyama and Ohashi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) 2. Prediction of net stock removal by using the simulation analysis of the thermal deformation Before constructing the new grinding system, we have attempted to predict the net stock removal by using the simulation analysis of the thermal deformation. In Fig. 3(b) , the prediction flow of the developed system in this study is shown. In previous method shown in Fig. 2 , the thermal deformation of the workpiece was calculated from the thermal deformation measured at the not ground part of the workpiece. In Fig. 3(b) , simulation analysis is used to obtain the thermal deformation of the workpiece instead of in-process measurement of the thermal deformation of not ground part. We had developed simulation method to calculate the thermal deformation of the workpiece (Onishi et al.,2011) . In this simulation method, the grinding energy conducted into the workpiece is estimated from the measured tangential grinding force. The temperature distribution in the ground workpiece is calculated by transient thermal conduction analysis (Sakakura et al.,2012) . Once the temperature distribution of the workpiece have been obtained, the thermal deformation of the workpiece can be calculated by integrating the thermal strain of every element of the workpiece. Finally, the net stock removal of the ground workpiece is estimated by adding the simulated thermal deformation and the measured stock removal.
A grinding experiment was carried out under the condition shown in Table 1 . In this experiment, CNC grinding machine was used. The material of the ground workpiece was S45C. During grinding process, the plunge speed of the grinding wheel was reduced to change the grinding state from rough grinding to fine grinding. In this experiment, tangential grinding force and stock removal of the workpiece were measured. After the grinding experiment, the simulation analysis of the thermal deformation of the workpiece was carried out. Fig. 3 Comparison of the methods to estimate the net stock removal. The conventional method is used in the intelligent grinding system shown in Fig. 1 . In the proposed method, the thermal deformation of the ground workpiece is calculated from the measured tangential grinding force by simulation analysis of heat conduction. Figure 4 shows the measured tangential grinding force and the wheel travel in radial direction. The tangential grinding force changed simultaneously with the reduction of the plunge speed. This measured tangential force was used as an input for the simulation analysis. Figure 5 shows the simulated thermal deformation of the workpiece. The measured result of the thermal deformation, that is estimated from the in-process measurement at the not-ground part, agrees well with the simulated result. Therefore, the simulation analysis used in this study is reasonable. The thermal deformation continued to increase with the wheel travel and the maximum value is 1.4m in radius in this experiment. Thermal deformation dw m Table 1 . The plunge speed was changed during grinding process. As the plunge speed was reduced, the tangential grinding force also decreased. Onishi, Sakakura, Okanoue, Fujiwara, Fujiyama and Ohashi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) Figure 6 shows the stock removal of the workpiece measured by sizing gauge. From this result, the stock removal was 48.3m when the wheel was retracted. After the wheel retraction, the stock removal approached asymptotically to 49.8m. From these results, the net stock removal SRn at the moment of wheel retraction is calculated by adding the simulated thermal deformation dW=1.4m and measured stock removal SR=48.3m. In this experiment, the net stock removal calculated from the simulation analysis is 49.7m. This value is approximately same as the asymptotic value of the stock removal SR=49.8m. Therefore, it was confirmed that the stock removal of the workpiece could be estimated by simulation analysis of the thermal deformation of the workpiece calculated from the tangential grinding force. Figure 7 shows the grinding system developed in this study. Compared with Fig. 2 , not ground part is not prepared on the workpiece surface. Although, in actual experiments, the workpiece that has not ground part was used to compare the simulated results and the measured results. The tangential grinding force is measured by strain gauges attached on the race center and amplified by signal conditioner. Thermal deformation of the ground workpiece is simulated during grinding process continuously by the personal computer. The estimated net stock removal is indicated on the monitor screen connected to the personal computer. As mentioned before, the grinding wheel is retracted when the estimated stock removal reached to the grinding allowance.
Grinding experiments with developed system 4.1 Developed intelligent grinding system

Main grinding conditions
Grinding experiments were carried out to verify the developed grinding system. Main grinding conditions are shown in Table 2 . In grinding condition (a), (b) and (c) the grinding allowance were 37.5m, 50.0m and 62.5m in radius respectively. 
Simulated thermal deformation
m Fig. 7 The developed intelligent grinding system in this study. The thermal deformation of the ground workpiece is analyzed in personal computer from the measured tangential grinding force. The net stock removal is indicated by adding the simulated thermal deformation and stock removal measured with a sizing gauge.
Onishi, Sakakura, Okanoue, Fujiwara, Fujiyama and Ohashi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) Figure 8 shows the measure grinding forces in each grinding conditions. In condition (a), (b) and (c), grinding time were 10.7s, 13.4s and 16.2s respectively. Measured and simulated results of thermal deformation in each grinding conditions are shown in Fig. 9 . In each condition, the simulated result agreed well with the measured result. At the moment of wheel retraction, the difference between the measured and simulated results were less than 0.15m. Therefore, the accuracy of this simulation method was validated. Figure 10 shows results of grinding experiments performed under 3 different conditions. In the grinding condition (a), the grinding wheel was retracted at the moment net stock removal SRn was reached to 37.3m. After wheel retraction, the stock removal increased due to the heat shrinkage of the workpiece. Finally, the stock removal approached asymptotically to 37.2m. This value was almost same as the value estimated at the moment of wheel retraction. The grinding experiments performed under the condition (b) and (c) gave the same results obtained in condition (a). These results demonstrate that the developed system is able to predict accurately to predict the net stock removal with considering the thermal deformation during grinding process. 
Comparison of thermal deformation
Validation of developed system
Simulated thermal deformation
Measured thermal deformation Onishi, Sakakura, Okanoue, Fujiwara, Fujiyama and Ohashi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) The difference between the grinding allowance and asymptotic value of the stock removal was less than 0.3m. From these results, it was confirmed that the stock removal is able to estimate by using the developed grinding system with high accuracy. The size error was reduced less than 0.3m successfully. Fig. 10 Grinding results obtained by using the developed intelligent grinding system as shown in Fig. 7 . As the simulated net stock removal (blue line) was reached to the grinding allowance, the grinding wheel was retracted. The stock removal (red line) was finally close to the simulated net stock removal in every grinding experiment. Onishi, Sakakura, Okanoue, Fujiwara, Fujiyama and Ohashi, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.5 (2018) 
Conclusions
In this study, an advanced grinding system that can predict the net stock removal without measuring the thermal deformation of the not ground part was developed. Main conclusions obtained in this study are as follows: (1) During grinding process, the stock removal was estimated with high accuracy by using the simulation analysis of thermal deformation. (2) Stock removal was reached to the predicted net stock removal after the wheel retraction. (3) By using the developed intelligent grinding system, the size error was reduced less than 0.3m in radius.
